In this work, calculations of the design of bremsstrahlung photon collimator within the scope of the Turkish Accelerator Center Project are presented. At TARLA facility (Turkish Accelerator Radiation Laboratory at Ankara), bremsstrahlung photons created by the accelerated electron beams, are transferred to the experimental area through the collimator, which has a conical geometry with length of 320 cm. In this study, Al, Fe and Cu materials were selected as collimator materials. All interactions between the collimator materials and Gaussian photon beam in 8-32 MeV energy range (8 MeV, 16 MeV, 24 MeV and 32 MeV) were taken into account. The entry radius, geometry and chosen materials are important parameters for collimator design. The photon fluence from collimator, secondary particle distributions and the number of photons, scattered from the collimator, were calculated as functions of these parameters. All calculations were made with the Monte Carlo code FLUKA. According to the results of these simulations, collimator with conical geometry, made of aluminium, with 0.25 cm entry radius, was determined to be appropriate for TARLA bremsstarhlung photon facility of Turkish Accelerator Center.
Introduction
Collimation of a particle beam generated in an accelerator center is important in terms of beam characteristics and radiation safety in the area. At the same time, this process provides limits of the divergence of the transported beam. For this, at many accelerator centers, various collimator systems, fabricated with different geometries and materials are available [1] [2] [3] . The type and energy of collimated particles are effective factors for optimizing collimator design.
In this work, a useful collimation system for the bremsstrahlung photons of the TARLA facility was modelled using FLUKA code [4] . Simulation programming is indispensable tool in optimisation studies of such a complex system. Changes of the transmitted photon flux, depending on the collimator material and geometry, were examined.
Furthermore, the photons passing through the collimator interact with collimator material and create secondary particles. To reduce the background radiation pollution the production of secondary particles should be minimized. Therefore, the appropriate material selection is important. In the previous study, energy deposition and dose distribution for the cylindrical collimator design were calculated [5] . In this paper the detailed results of calculations for conical geometry are presented. It was observed that conical geometry is more efficient than the cylindrical one. * corresponding author; e-mail: demircizehranur@gmail.com
Materials and methods

Photon collimator design in FLUKA
FLUKA is a Monte Carlo program developed to calculate particle transport and interaction of particles with matter. FLUKA can simulate with high accuracy the interaction with matter and propagation in matter of about 60 different particles. This simulation code uses an advanced version of well-known Combinatorial Geometry package. Therefore, it can even handle complex geometries [4] . In this study, the parameters of collimator which is one of the basic parts of TARLA bremsstrahlung photon facility have been determined using the FLUKA code.
Collimator geometry
The geometry of the collimator is one of the most important criteria for the transport of photons. Since the bremsstrahlung photons, which are formed after the interaction between the radiator and the accelerated electron beam, are spread in a conical shape; the collimator with conical geometry will be compatible with geometry of the photon beam and thus, more efficient.
For collimator with conical geometry, a cylinder with length of 320 cm and radius of 6 cm was selected. The interior of the cylinder was cut into a cone shape. The simulation studies were performed for four different values of the entrance radius of the cone, of 0.25, 0.50, 0.75 and 1.00 cm. The exit radius of cone was chosen as 1.40 cm. Vacuum was assumed to be inside the collimator.
In the FLUKA simulation calculations, the collimator with a length of 320 cm was divided into ten regions, in order to follow the secondary particles, which are formed in the collimator material. The length of each region is 32 cm. When these 32 cm long regions were considered, the conical regions inside the collimator, assumed to contain vacuum, were removed. Only the parts where the collimator material was present were taken into account.
Collimator materials
The intensity of the photon beam, to be transferred to the experiment area, is closely related to the collimator material. As is well known, with the increase of the photon absorption coefficient of the material, the transmitted photon intensity exponentially decreases. Materials with high absorption coefficient are not appropriate for collimator system.
In addition, in terms of radiation safety, reactions (γ,n) that may occur in the collimator, should be minimized as much, as possible. This situation is especially important at high energies. Therefore, the neutron pollution is kept to a minimum. Besides, the mechanical and chemical durability and cheapness of the used material are important factors in selecting the material. Aluminium, copper and iron metals were used for the simulations and the required properties of these metals are given in Table I . 2.4. Photon fluence and secondary particle tracking In this study, the photon beam for simulations was defined by taking into account the distribution of bremsstrahlung photons, resulting from the interaction of the radiator with accelerated electrons, coming from linac-1 and linac-2. At the same time, bremsstrahlung photons with energy up to 80% of the electron energy, coming from the linacs can be obtained [6] . Thus, the photon beam entering the collimator was assumed to have 8, 16, 24 and 32 MeV and to have Gaussian distribution. This Gauss beam is calculated based on the distribution of bremsstrahlung photons, produced from the thin tantalum radiator [7] . Calculations were made for four different energies (8, 16, 24, 32 MeV) and the program was run for three cycles, for 10 6 photons. The most important parameter that determines the optimal structure of the collimator is the photon fluence, carried through the collimator. The calculations were repeated for four different entrance radii (0.25, 0.50, 0.75 and 1.00 cm) and exit radius of 1.40 cm, and the variations of the photon numbers depending on the entrance radius were investigated. These values, calculated per photon, are given in Tables II-V. When Tables II-V are examined, the maximum number of photons is seen in Al collimator. As can be seen from the results, the difference between the number of photons from Cu and Fe collimators is insignificant. It has been observed that as the energy of bremsstrahlung photons entering the collimator increases, the number of photons coming out from the collimator also increases.
Two-dimensional representations of the photon fluence, obtained for considered collimators, are given in Figs. 1-6 for 16 MeV and 32 MeV photon beam. Figures 1-6 are plotted using FLUKA, to compare the photon fluence formed by the smallest (0.25 cm) and the largest (1 cm) entrance radius of the collimator. Figures 1-6 show that the highest photon flux is at the entrance of the collimator and the distribution of photons, due to interaction of photon beam with the collimator material, decreases towards the exit of the collimator. At the same time it is seen that the photon fluence decreases towards the outside of the collimator. As shown in Tables II-V, and it is seen in Figs. 1-6 , that as the collimator entrance radius and the photon beam energy increase, the photon fluence from the collimator increases.
Determination of the entrance radius of the collimator geometry is important for two reasons, to determine the fluence of the photon beam to be used in the experiment area, and to determine the formation of secondary particles, that will affect the experimental area. Figures 7 and 8, show changes in the direction of the z-axis of the distribution of electrons and neutrons, formed as a result of interaction with photon beam with energy of 16 MeV, for Al collimator with entrance radius of 0.25 cm and 1.00 cm. In Figures 7-8 it is seen that the tail of the spectrum grows with the increasing opening radius. At the entrance of the collimator more particles are formed, as the interaction surface of the collimator with an entrance radius of 0.25 cm is larger.
In order to track the secondary particles, the collimator was divided into ten regions. The volume of each of these regions, in which the interior of the collimator was not included, was considered. The calculations were done for each region separately and the distributions of the secondary particles, formed by the bremsstrahlung photons along the path, were obtained based on the collimator material and the photon energy. In order to see the maximum density of secondary particles reaching the experimental area, the spectra of the secondaries in the last zone (10th region) of the Al, Cu and Fe collimators are presented in Figs. 9-11.
Conclusions
In simulations of collimators, when photon fluences, obtained from Al, Cu and Fe collimators, were compared, it was seen that the maximum photon fluences were obtained in Al collimator. Photon fluences from the collimator have increased with the increase of the energy of the incoming beam. The maximum photon fluencies were obtained from photon beam with energy of 32 MeV. In simulations of collimators with different entrance radii, it was determined that as the entrance radius of the collimator was increased, the photon fluence was also increased. However, when the secondary particles, formed in the collimator, are examined along the z-axis, it is seen that the number of these particles also increases with the radius. The geometry with the minimum number of secondary particles, scattered towards the experimental area, was determined to have the entrance radius of 0.25 cm.
For radiation safety, neutron outputs, in particular, should be minimized as far as possible. Otherwise, a neutron shielding must be employed in the facility. On the basis of the obtained results, when Al, Cu and Fe collimators are used, neutron outputs were found to be insignificant, especially for Al material.
Considering all simulation studies, the maximum photon flux was obtained in Al collimator and therefore Al was selected as the collimator material. It is determined that the entrance radius of the collimator of 0.25 cm is the most appropriate solution.
As a result of this study, collimator made of Al material with 0.25 cm entrance and 1.40 cm exit radius, with conical geometry and 320 cm length is suggested for collimator equipment of TARLA bremsstrahlung photon facility.
